We report on a microwave planar ring antenna specifically designed for optically-detected magnetic resonance (ODMR) of nitrogen-vacancy (NV) centers in diamond. It has the resonance frequency at around 2.87 GHz with the bandwidth of 400 MHz, ensuring that ODMR can be observed under external magnetic fields up to 100 G without the need of adjustment of the resonance frequency. It is also spatially uniform within the 1-mm-diameter center hole, enabling the magnetic-field imaging in the wide spatial range. These features facilitate the experiments on quantum sensing and imaging using NV centers at room temperature.
I. INTRODUCTION
Nitrogen-vacancy (NV) center in diamond is an atomic defect consisting of a substitutional nitrogen and a vacancy adjacent to it. Among a few charge states NV centers can take, the negatively-charged NV − state possesses optical and magnetic properties favorable to quantum technology applications.
1,2 The electronic spin of a single NV center (hereafter NV center specifically refers to the NV − state) can be manipulated by microwave at around 2.87 GHz, and be initialized and read out optically owing to the state-dependent fluorescence.
3 Its long coherence time at room temperature makes it a leading candidate for a ultra-sensitive, nanoscale magnetometer. [4] [5] [6] [7] [8] [9] In addition, the both long coherence time and magnetometry have also been realized in ensemble NVs under ambient conditions. [10] [11] [12] [13] Consequently, NVbased sensing and imaging of magnetic fields, as well as other physical quantities such as temperatures and electric fields, have become an active area of research and are expected to find practical applications not only in physics but also in biology, medical science, planetary science, and so forth.
14-21
In optically-detected magnetic resonance (ODMR) experiments of NV centers, a thin straight copper wire or a millimeter-sized loop coil is commonly used to generate an oscillating magnetic field B ac . 22, 23 For sensing with ensemble NVs, in which the sensitivity is enhanced by the square-root of the number of spins at the expense of nanoscale resolution, the uniformity of B ac is particularly important. Even in sensing with single NVs, the starting point is to search a diamond substrate for single NVs by confocal microscopy and ODMR. B ac = (|B ac |) can be made strong in the vicinity of a wire, but decreases rapidly as departing from it. On the other hand, B ac generated by a loop coil is more uniform, but tends to be much weaker than that by the wire. Moreover, the both structures are placed in contact with a diamond surface, nearby which an objective lens and/or a specimen to be sensed, varying from inorganic materials to living cells, are necessarily present. One cannot observe, for instance, the region beneath the wire, as it hinders the light propagation. Therefore, it is preferable to leave the surface open as much as possible.
A few microwave circuits for ODMR of NV centers that are placed beneath diamond samples have been devised. Bayat et al. developed a double split-ring resonator which achieves spatially uniform B ac and efficient coupling to NV centers. 24 While the resonator frequency is shown to be tunable within 400 MHz around 2.87 GHz by placing a copper tape near the structure, its moderate quality factor (Q ∼ 70) allows only one resonance (typically <10 MHz linewidth) within the bandwidth (40 MHz), making it difficult to simultaneously observe multiple resonances separated by tens to hundreds MHz under weak external magnetic fields. Mrózek et al. designed a microwave circuit operating between 2.7 GHz and 3.1 GHz with a notable capability of generating arbitrary microwave polarizations. 25 A drawback is that the distributions of microwave strength and polarization depend largely on the positions and careful calibrations may be necessary.
In this work, we aim to design and characterize a microwave planar ring antenna that addresses abovementioned limitations. The design targets of our antenna are as follows; (i) It is placed beneath a diamond sample, thereby does not interfere with the objective lens or the specimen. (ii) It generates B ac spatially uniform within an area of about 1 mm 2 , which covers large parts of typical diamond samples. (iii) It has a resonance frequency at around 2.87 GHz and a bandwidth of a few 100 MHz (Q < 10) so that multiple resonances can be addressed. 
II. DESIGN AND S-PARAMETER
Figure 1(a) shows a photograph of a fabricated microwave antenna we have developed. The design parameters are summarized in Fig. 1(b) . Our ring resonator is regarded as a single-loop coil surrounding a circular hole, inside of which resonant magnetic fields are concentrated. 24, 26, 27 To help intuitive understanding of the design, we model the structure as a simple series LCR circuit. The inductance L 0 arises from the circular hole: L 0 ∝ r. The capacitance C 0 is formed by the gap: C 0 ∝ (R + s − r)/g. The constriction connecting the upper and lower half circles will contribute to the resistance:
−1/2 and the quality factor Q 0 = 2πf 0 L 0 /R 0 are proportional to g/{r(R + s − r)} and (R − s − r) gr/(R + s − r), respectively. These expressions, although very naive, indicate that small g and large s are desirable to achieve low Q, which is our design target (iii). Practically, the minimum achievable g is limited by our manufacturing accuracy of 0.1 mm.
In relation to our design targets (i) and (ii), the primary consideration is the sample size. Typical diamond substrates are 1 to 5 mm on a side with thickness t d of around 0.5 mm. As the NV centers existing near the top surface are used for sensing, we are mainly concerned with the distribution of B ac about 0.5 mm above the antenna surface. We find r comparable with t d is advantageous to deliver spatially uniform and strong B ac to the diamond surface. We thus limit r to be around 0.5 mm, and adjust the remaining design parameters R and s to tune f 0 and Q 0 to the desired values, using three-dimensional electromagnetic simulation software CST MICROWAVE STUDIO R . In the simulation, we set the width and thickness of diamond as w d = 2.2 mm and t d = 0.51 mm, respectively, to coincide with the actual size of the diamond sample used for Sparameter and ODMR measurements below. However, the electromagnetic property of our antenna is found to be insensitive to the sizes of diamond samples.
Simulated B ac at the diamond surface is shown in the left-hand side of Fig. 2(a) , and its cross sections along the X and Y axes are in Fig. 2(b) . The microwave frequency f mw is 2.87 GHz and the microwave power P mw is 1 W. As expected, B ac is concentrated inside of the hole and the main component of B ac is in the Z direction (B acZ ≥ 0). To evaluate the directional uniformity, we calculate the zenith angle θ, i.e., the tilt angle from the Z axis, as
which is shown in the right-hand side of Fig. 2(a) . The X and Y components are very small (θ ∼ 0 • ) in the center region and increase towards the peripheral of the hole (θ ∼ 30
• ). Thus, as long as we restrict the scanning range inside of the hole, we expect spatially and directionally uniform B ac .
Figure 2(c) shows measured (using a vector network analyzer) and simulated reflection coefficients S 11 with and without diamond on top of the antenna. The experimental resonance frequency is almost unaffected (2790 MHz) by the presence of diamond. We obtain the bandwidth of 437 MHz (Q ∼ 6.4) and 395 MHz (Q ∼ 7) with and without diamond, respectively. These features are well reproduced by simulation.
28

III. SAMPLE AND EXPERIMENTAL SETUP
The (w Fig. 3(a) . Through the transparent sample, the hole and gap structures of the antenna as well as double-sided tapes to immobilize the sample are visible. Microwave plasma-assisted chemical vapor deposition is used to grow a 100-nm-thick N-doped diamond film on a type IIa (001) substrate. A portion of doped N forms NV centers. [29] [30] [31] The NV density is estimated to be of the order of 10 15 cm −3 . The spin Hamiltonian of the NV ground state is given, in the frequency unit, as
2.4 2.6 2. Here, D = 2.87 GHz is the zero-field splitting, γ = 2.8 MHz/G is the electron magnetic moment, B 0 is the external magnetic field felt by the NV centers, and
is the S = 1 spin operator with the quantization (z) axis taken as the ith NV axis. The NV axis is the vector connecting N and V, and is parallel to one of four 111 crystallographic axes (i = 1, 2, 3, 4). In ODMR of ensemble NVs, the maximum of eight resonances, corresponding to the four possible NV axes and the two allowed |∆m S | = 1 transitions are observed. Key elements of our experimental setup are shown in Fig. 3(b) . A 515-nm green laser light non-resonantly excites the NV electrons, and red signal photons emitted from the NV centers are counted with a single photon counting module. The duration and interval of laser illumination are controlled by an acousto-optic modulator.
For continuous wave (CW) and pulsed magnetic res- onance of the NV electronic spins, a microwave signal generator and an amplifier are connected to the antenna. A permanent magnet is used to split the m S = ±1 states. In our measurements, the positions of the objective lens and the permanent magnet are fixed, and the diamond sample and the antenna move in the XYZ directions with 3-axes piezo and translation stages. Therefore, the orientation and strength of the external magnetic field do not change at the focal point. This means that even when NV centers in different positions are measured they feel the same B 0 .
IV. CW AND PULSED ODMR
The CW ODMR spectrum taken at the hole center (0, 0) is shown in the right-side of Fig. 4 . In the CW mode, the laser illumination and the photon counting are executed continuously, during which the microwave frequency is swept. The fluorescence decreases at the resonance, giving a series of dips. The contrast is given as the ratio between the data with the microwave on and off in order to cancel out the background. The eight dips characteristic of ensemble NVs are clearly observed. The Zeeman term of Eq. (2) is written as γB 0 (sin α i S ternal magnetic field up to 100 G or so, which is a typical condition for NV-based sensing and imaging experiments, 23,32 our antenna does not require an adjustment of its resonance frequency by external perturbations (such as placing a copper tape as in the case of Ref. 24) .
Next, we carry out pulsed ODMR to observe Rabi oscillations and examine the oscillating magnetic field generated by the antenna. After initialization into the m S = 0 state by the laser illumination for 5 µs, microwave is burst for a short time. The spin state is read out by the second laser illumination. As the burst time t is varied, the contrast oscillates reflecting the occupation of the m S = 0 state. Figure 5(a) shows an example of measured Rabi oscillations. The data is fitted by the functional form A exp(−t/τ R ) cos(2πf R t) + B, where A is the amplitude, B is the offset, τ R is the decay timescale of the Rabi oscillation, and f R is the Rabi frequency.
We define B 1 as B ac generated at the focal point (i.e., the measurement position). At given P mw , f R and B 1 are related by
where β i is the angle between B 1 and the ith NV axis. The components of B 1 perpendicular to the NV axis rotates the NV electronic spin. The factor 1/ √ 2 is due to the rotating wave approximation in the S = 1 spin system. 33, 34 Through the CW ODMR measurements we already know the NV axes responsible for the respective resonances [ Fig.4 ], and the simulation results give the orientation of B 1 [ Fig.2(a) ]. They together give β i , allowing us to convert experimental f R into B 1 . Figures 5(b) and (c) plot in total 72 values of B 1 obtained at nine positions [ Fig. 3(a) ] and eight frequencies [ Fig.4 ], covering wide spatial and frequencies ranges. and high bandwidth at the same time.
As a remark, the fastest f R achieved in our current setup is 10 MHz, which is limited by the saturation power of the microwave amplifier we use. In this condition, we have been able to conduct multi-pulse experiments (dynamical decoupling with hundreds of pulses) without any heating problems. The constraint set by the antenna itself is its bandwidth of 400 MHz, with which the shortest pulse length of 2.5 ns should in principle be possible.
V. COMPARISON WITH OTHER METHODS
Finally, we make a brief comparison between different methods for applying oscillating magnetic fields to diamond. We simulate coil-and wire-based microwave setups as modeled in Fig. 6(a) . Figure 6(b) shows the distribution of B ac along the Y and Z axes. In all models, the origin of the coordinate is set at the center of the diamond surface. As mentioned in Section I, B ac is strong near the wire, but weakens as the inverse of the distance from the wire (Ampère's law). The coil produces more or less uniform B ac inside of the loop, but the strength is much weaker. The antenna combines the both features. It is also worth noting that B ac of the antenna becomes stronger inside of the diamond. This is advantageous when NV centers deep inside the substrate are investigated, which is important for materials characterization as well as for quantum information processing. When the NV electronic spins are used as quantum bits, the depth from the substrate may be less critical than in sensing application, and the deep NV centers may be preferred for their stability and longer coherence times.
VI. CONCLUSION
In conclusion, we have designed and characterized a microwave planar ring antenna suitable for ODMR of NV centers in diamond. It has the resonance frequency at around 2.87 GHz with the bandwidth of 400 MHz, ensuring that ODMR can be observed under external magnetic fields up to 100 G without the need of adjustment of the resonance frequency. It is also spatially uniform within the 1-mm-diameter hole, enabling the magneticfield imaging in the wide spatial range. For imaging experiments, with a piezoelectric actuators one can scan a few 100 2 µm 2 areas and with a galvanometric mirror even larger areas can be scanned. NV-based wide-field imaging techniques using a CCD or CMOS camera are also compatible with the antenna. 13, 20 These features will facilitate the experiments on quantum sensing and imaging using NV centers at room temperatures. 
